The first step toward elucidating the mutagenic effects of chemicals and pathways is to determine the specificity of the mutations generated spontaneously or in response to treatment with mutagens. We constructed a set of plasmid-encoded probes for the specific detection of each type of base substitution mutation. Using these probes, we were able to quickly determine both the mutation rate and the specificity of the mutations caused by different types of mutagens and mutagenic conditions. We also developed a PCR-based method to rapidly and robustly determine the mutation spectrum in response to various mutagenic samples in parallel. This system allows one to not only analyze the mutation specificity of various chemicals, but also to search for novel genetic elements that promote the specific mutation events.
Introduction
The establishment of strong correlations between carcinogens and mutagens 1 has urged researchers to conduct massive screening projects to measure the mutator effects of chemicals. [2] [3] [4] [5] [6] The biochemical mechanism of action is unique for each chemical mutagen, and it is therefore important to know the exact types of mutations that are generated by a given mutagen. Mutations can also be caused by various genetic factors. 3, 7, 8 Determining the specificity of mutations is one of the first key steps in elucidating the molecular mechanisms of mutational events and in identifying genetic and chemical factors that can promote or suppress (repair) these mutations.
Reversion assays provide simple and versatile tools to detect rare mutational events in a cell without sequencing and without any biochemical/instrumental analysis, and these assays have been used extensively for decades to study mutation events. 3 Historically, Ames and his colleagues monitored the reversion of specific mutations in the his operon of Salmonella typhimurium to allow rapid detection of mutations caused by the addition of mutagens. 9 This method employs a test strain that possesses a mutation in its histidine biosynthetic operon that renders it unable to grow in the absence of histidine. When a specific mutation occurs in the same position and recovers the function of the gene (rfa gene), the host cell recovers the ability to grow in media lacking histidine. The frequency of these revertants provides a simple estimation on the rate of mutation in the cell.
This Salmonella mutagenesis test was subsequently updated to independently and specifically detect each of the six types of base substitutions. 4, 10, 11 In this updated test, researchers constructed six different mutant strains, each of which had a unique base substitution in rfa. The ability of each strain to biosynthesize histidine is restored only by one specific mutation in the mutated region of rfa. Based on the relative frequencies in rfa reversion for these six probes, one can estimate the relative frequency of each type of mutation. Several similar systems 4, [12] [13] [14] [15] [16] are available. In 1987, Foster et al. developed another elegant system that can measure each specific mutation in a high-throughput manner. 17 Instead of inserting the reversion probe into the genomic DNA, they introduced a specific CGC mutation into the codon for serine 70 (AGC) of the β-lactamase (bla) gene in the pBR322 plasmid. The activity of the enzyme encoded by this gene confers tolerance to penicillin-type antibiotics. Forming a part of a reaction triad, 18, 19 serine 70 is essential for the activity of this enzyme and is therefore immutable. 20 Thus, "reversion", or restoration of antibiotic resistance in this case, occurs only when a GC to TA substitution occurs in the first position of the codon 70. This system provides three advantages over other methods. First, when the bla gene is encoded by a multi-copy plasmid, each cell contains dozens of bla genes, and even a single copy of the reversion in bla gene can rescue the host cells from cell death by antibiotics such as ampicillin and carbenicillin. This sensitivity should be further improved when recreating this system in high-copy-number vectors. The second advantage of the system is its conditionality; in the absence of antibiotics, the activity of the antibiotic resistance gene is completely neutral to cell growth. This neutrality ensures the elimination of any growth advantages/disadvantages in the revertants, thereby preventing potential under/overestimation of the mutation rate. The final and most important advantage of this system is its portability. Because the probes are all on plasmids, one can easily introduce this probe set to any E. coli strain using basic transformation techniques. Using shuttle vectors, this portable system can be used in many different organisms, as long as they are ampicillin-sensitive.
Unfortunately, Foster et al. created only one probe (for GC to TA) for each of the six types of base substitutions. 17 In this research, we added five additional probes for other mutations to complete their system. Each of the six probes was constructed in a high-copy-number plasmid that is maintained at approximately 100 copies per cell, enabling highly sensitive detection of rare mutational events. In addition, we added tag sequences with unique sizes to each of the mutation probes for PCR detection, enabling the acquisition of the complete mutation "spectrum" from a single culture. Our system provides a quick and easy way to detect and quantify each type of mutational event in a variety of genetic backgrounds, and also represents a search tool for mutational events that promote or suppress genetic functions.
Experimental
Chemicals and E. coli strains Deoxyribosyl-dihydropyrimido- [4,5- , gal, dcm) was used throughout this study. E. coli strains were incubated in LB medium (2.0% (w/v) LB broth; Invitrogen, CA) or on LB-agar plates (2.0% (w/v) LB broth, 1.5% (w/v) agar; Nacalai Tesque, JP) at 37 C.
Antibiotics were added at the following concentrations: 50 μg/mL carbenicillin (Invitrogen) and/or 20 μg/mL kanamycin (Sigma-Aldrich).
Construction of the probe plasmids
Using the Stratagene ExSite PCR method, we substituted codon 70 (AGC) of the bla gene in pGPS3 (Stratagene) with six alternative codons. The primers used for site-directed mutagenesis were 5′-XXXACTTTTAAAGTTCTGCTATGTGGCG-3′ and 5′-CATCATTGGAAAACGTTCTTCGGGG-3′. The underlined nucleotides XXX correspond to the codon for residue 70 of β-lactamase. By placing AAC, CCA, GCT, TAA, ACA, and TGA in this XXX position in the forward primer, we constructed pBLAA, pBLAB, pBLAC, pBLAD, pBLAE, and pBLAF, respectively. The sequence of each of the resultant plasmids was verified using an ABI 3100 (Applied Biosystems) sequence analyzer. Next, we inserted stuffer sequences into the KpnI site of the plasmids pBLAA-F. Table 1 shows the origin and the size of the stuffer sequences inserted into each of plasmids pBLAA-F. The insertion of stuffer sequences (attached by annealing site for Primer F) of 927, 791, 591, 391, 291, and 191 base pairs into pBLAA, pBLAB, pBLAC, pBLAD, pBLAE, and pBLAF, respectively, resulted in the plasmids pBLAA1036, pBLAB900, pBLAC700, pBLAD500, pBLAE400, and pBLAF300 (Fig. 1B) . The number in the subscript of each plasmid name corresponds to the size of PCR product in the subsequent PCR-based analysis (see Table 1 ).
Mutagenic growth and colony counting
Each of the six plasmids was individually transformed into E. coli. The resulting six transformants were shaken in LB media at 37 C until they reached a density of about 10 9 cells/mL (typically ~12 h). The protocols for the subsequent mutagenic incubations were as follows: 21 was prepared immediately before use by dissolving it in distilled dimethylsulfoxide to a concentration of 10 mM. This solution was then filter-sterilized and added to the bacterial medium at the appropriate concentration. Approximately 10 6 cells were inoculated into LB media containing dP (at a typical concentration of 10 μM) and grown at 37 C until they reached a density of about 10 9 cells/mL (typically ~12 h). 5AZ-mutagenesis. 5-Azacytidine (5AZ) 10 was prepared directly before use by dissolving it in distilled water to a concentration of 10 mg/mL. This solution was then filter-sterilized and added to the bacterial medium at the appropriate concentration. Approximately 10 6 cells were inoculated into LB media containing 5AZ (at a typical concentration of 1 μg/mL) and grown at 37 C until they reached a density of about 10 9 cells/mL (typically ~12 h). Determination of the frequency of each mutation event. The final cultures were plated onto LB-agar with and without carbenicillin (Carb, 50 μg/mL). The number of colonies on each of the plates was counted after 12 h of incubation at 37 C. For each of the six mutation probes, the reversion ratio (the rate of carbenicillin-resistant (Carb R ) clones) was calculated by simply dividing the number of colonies on the Carb (+) plate by the number of colonies on the Carb (-) plate. We also conducted a similar Rifampcin assay 16 for the final mutagenic culture. For this assay, the number of rifampicin-resistant (Rif R ) colonies in a fixed culture volume was counted to determine the frequency of mutation occurrences.
PCR-based assay to determine the mutation spectrum
The six plasmids, pBLAA1036, pBLAB900, pBLAC700, pBLAD500, pBLAE400, and pBLAF300, were transformed into E. coli in an equimolar mixture. The pool of transformants was then subjected to the mutagenic treatment. The final culture was plated and grown on LB-agar plate to allow for the expression of Carb R revertants. The numbers of colonies on the Carb (+) plate were divided by the numbers on the Carb (-) plates to calculate the reversion frequency.
All of the colonies from each plate were collected and pooled, and 1 μL of the mixture was subjected to PCR using the following pair of primers: Primer F (5′-AGTAAAGGAGAAGA-ACTTTTCACTGGAGTT-3′) and Primer R (5′-ATTTTGTCA-CTCTTCCCTAAATAATCCTTAAAAAC-3′). These primers were designed to amplify all of the stuffer sequences in the probe plasmids. The reaction conditions were as follows: a total volume of 50 μL containing 20 mM Tris-HCl (pH 8.8 at 25 C), 10 mM KCl, 10 mM (NH4)2SO4, 4 mM MgSO4, 0.1% (v/v) Triton X-100, 50 pmol of each primer, 0.2 mM of each dNTP, 2 units of VentR ® polymerase (New England Biolabs, MA), and template culture. The cycling scheme was 95 C for 3 min; 25 cycles at 95 C for 1 min, 52 C for 30 s and 72 C for 2 min; and 72 C for 10 min. Under these conditions, we found that more than 10 5 cells were needed as templates to robustly obtain the PCR products.
After completing the reaction, 5 μL of the PCR product was loaded onto a 1.5% (w/v) TAE agarose gel and subjected to gel electrophoresis. After ethidium bromide staining, a digital image of the electrophoresis band patterns was recorded under the illumination of UV light (312 nm). From this digital image, the band intensity of each DNA fragment (PCR product) was quantitatively analyzed using Image-J software. 22 Because the band intensities of ethidium-stained DNA fragments are weighted with their molecular weight (base pair size), we divided the intensity values (arbitrary units) of the PCR products by the molecular weights (length in base pairs, see Table 1 ) to obtain the relative molar (/strand) abundance of each of the six mutation types.
Results and Discussion
Serine is the only amino acid in position 70 that confers cellular activity of β-lactamase β-Lactamase is one of the most well-studied enzymes, and a mutability map is available for all of the amino acid positions throughout its reading frame. 20 Among the several immutable residues, serine 70 is the best candidate for the design of reversion-based mutation probes. The hydrolysis of the β-lactam rings of penam/cepham antibiotics proceeds via an acyl-enzyme intermediate formed between the hydroxy group of serine 70 and the carbonyl carbon of the β-lactam ring. 18, 19 Based on this mechanism, a single mutation at this position will inactivate this enzyme, whereas its activity will be reverted if that position acquires a specific mutation leading to its reversion into serine 70. In vitro biochemical studies [23] [24] [25] [26] have shown that cysteine partially complements the activity of serine 70, conferring weak but significant β-lactamase activity (approximately 2 -3% of wild-type activity). However, random mutagenesis studies have clearly shown that serine is the only amino acid that protects cells from antibiotics. 20 We randomized the serine 70 residue of the bla gene on the derivatives of pGPS3 (New England Biolabs) by placing the codon NNN (N stands for the equimolar mixture of dA, dG, dC, and dT) at this position. The resultant library was transformed into E. coli: BL21 (Stratagene) and plated onto the LB plates. Randomly picked clones from the Carb (-) plates showed a variety of amino acids at position 70. In contrast, all of the clones picked from the Carb (+) plates were found to code for serine at position 70. Among the 31 revertants that we sequenced, we found no clones coding for cysteine at this position (data not shown). To further confirm this, we constructed β-lactamase mutant with TGT (codon for cysteine) at position 70. We found that transformation of the resultant plasmid pBLAcys did not confer carbenicillin resistance to E. coli (BL21); the transformant showed no colony forming in the presence of carbenicillin as low as 5 μg/mL, a concentration 10 times lower than that we normally use for the actual selection. Thus, we concluded that the level of activity associated with cysteine is not sufficient to confer carbenicillin resistance to host cells.
Construction of a specific probe for the six base substitutions
Using oligonucleotide-directed site-specific mutagenesis, we introduced specific mutations into codon 70 of the bla gene of the plasmid pGPS3 (New England Biolabs). Figure 1 depicts the changes introduced at codon 70 of β-lactamase in each of the six plasmids. There are six different base substitution mutations, two transition mutations (AT to GC and GC to AT) and four transversions (AT to CT, CT to AT, AT to TA, and CG to GC). To construct a specific probe to detect the AT to GC mutation, for example, we mutated the wild-type codon AGC to AAC, yielding the pBLAA plasmid (Fig. 1A) . This plasmid fails to confer carbenicillin resistance to host cells. Carbenicillin resistance is only restored when an AT to GC mutation occurs at the 2nd nucleotide of this codon, thereby restoring serine 70 (AGC). Likewise, we introduced a CCA mutation at codon 70, yielding the pBLAB plasmid. In this case, a CG to TA mutation in the 1st nucleotide results in TCA, which is another codon that specifies serine. In this manner, each of the six plasmids pBLAA-F restores β-lactamase function with one of the specific types of base substitutions.
Each of the probe plasmids pBLAA-F is identical except for the three nucleotides encoding codon 70 of the bla gene, and these plasmids are therefore indistinguishable from each other based on size. To make them distinguishable, we added a stuffer sequence of a unique size (191 -927 base pars) to each of the plasmids (see Experimental). To prevent any possible crossover or recombination PCR, the stuffer sequences were taken from various different genetic sources and were designed to not share homology with each other (see sources in Table 1 ). However, they were designed to share the same flanking sequences for PCR primers. Thus, all of the stuffer sequences in the cell can be directly PCR-amplified using the same specific set of primers. Each of the resulting PCR products is distinguishable due to its characteristic migration rate in gel electrophoresis, reflecting the size of the corresponding stuffer sequence (Fig. 1C) .
Measuring the mutation spectrum by colony counting
Six probe plasmids were independently transformed into E. coli ( Fig. 2A) to test the mutagenic characteristics of known mutagens. The six transformants were grown in carbenicillin-free media and then subjected to growth under various mutagenic Fig. 2 The frequency of each base substitution mutation in E. coli cultures treated with various mutagenic compounds. (A) Schematic illustration of the protocol. The six probe plasmids for the specific mutations were independently transformed into the cells to be analyzed. The six resultant cultures were subjected to mutagenesis in parallel, and the numbers of Carb R revertants were then counted for each of the six plasmids. (B) Reversion frequencies of each mutation probe in non-treated, dP-treated, 5AZ-treated, and dP/5AZ-treated E. coli. (C) Frequency of the emergence of Rif R clones in non-treated, dP-treated, 5AZ-treated, and dP/5AZ-treated E. coli.
conditions. The resultant cultures were plated onto plates with and without carbenicillin to form colonies. For each of the plasmids, the reversion frequency was calculated by dividing the number of colonies on the plates with carbenicillin by the number of colonies on the plates without carbenicillin.
In the absence of mutagens, we observed low but measurable levels of reversion (Fig. 2B) . These reversions result from spontaneous mutations in E. coli. The total reversion frequency was approximately 10 -7 /cell, which was equivalent to the value (10 -7 revertants/total cells) given by the rifampicin assay. Among the plasmids, pBLAB900 (the probe for GC to AT mutation) and pBLAD500 (the probe for AT to CG mutation) showed relatively high reversion scores. The former mutation is characteristic of methylation-induced mutagenesis, whereas the latter is a characteristic consequence of 8-oxoG:A mispairing. is a synthetic nucleoside analog that has potent mutagenic effects on cells. 21 In its nucleoside form, dP can be taken up by cells, phosphorylated, and then incorporated into genomic DNA. 27 Mimicking both C and T in genomic DNA, 28 dP elevates the rate of transition mutations in the cell. The cells harboring the probe plasmids were grown in the presence of 10 μM dP, and their reversion frequency was measured. In agreement with the existing literature, 28, 29 we observed very high reversion scores for pBLAA1036 (the probe for AT to GC mutation) and pBLAB900 (the probe for GC to AT mutation) (Fig. 2B) .
The base analog 5-azacytidine (5AZ) is known to be a strong mutagen that operates through an unknown mechanism to specifically generate GC to CG transversion mutations. 10, 16 A ring-opening mechanism for lesion generation has recently been proposed. 16, 30 As expected, pBLAF300 (the probe for GC to CG mutation) had by far the highest reversion score with this mutagen (Fig. 2B) .
In the E. coli treated with dP and 5AZ, both of their characteristic mutations AT to GC and GC to CG became prominent, indicating that both mutagenic nucleosides took effect. Interestingly, the apparent frequency of GC to CG mutations (5AZ-specific mutation) was much higher for the culture containing dP. In contrast, the reversion score for AT to , and dP/5AZ-treated (lane 8) E. coli. As controls, the pooled mixture of colonies on Carb (-) plates was also subjected to PCR (lanes 1, 3, 5, 7) . (D) Mutation frequency of the mutagenic cultures. The relative frequency of each mutation was obtained as follows: first, an image of the gel was obtained using a commercial scanner; second, the intensity value of each PCR band was obtained using Image-J; 22 and finally, the value for each was divided by the length of the PCR product (in base pairs). The value thus obtained was used as the relative abundance of each mutation.
GC, dP-specific mutation, was unaffected by 5AZ. It is known that MutS, the first committing protein in mismatch repair (MMR) system, has binding preference to G-T mismatch, a precursor (intermediate) of transition mutations. 31 Another study using cell lysate also demonstrated that MMR has higher capacity for repairing transition mutations than transversion mutations. 32 Thus, in the presence of transition mutations at the level near repairing capacity of the cell, GC to CG mutations tend to left unfixed, thereby raising the score of GC to CG mutations without the rate of mutational events.
Alongside with the reversion frequency of Carb R revertant, we measured the frequency of Rif R revertant (Fig. 2C) . Rifanpicin is a known inhibitor of bacterial RNA polymerase, and more than 10 unique mutations in rpoB gene (encoding RNA polymerase) can confer E. coli resistance to this antibiotics. 33 We found that the frequency of Carb R reversion was about three times higher than that of Rif R (Fig. 2B) . Although each of the probes reverts its β-lactamase activity only by a single type of mutation, the target site for mutation is on each copy of the plasmids, thereby increasing the chance of reversion. Thus, plasmid-borne revertant probes (bla mutant genes) seemed to be significantly more sensitive than genome-borne revertant probes (rpoB). We found that the copy number of all probe plasmids were about 60 copies per cell in the growing condition. This system allows the measurement of the mutagenic effects of any chemical or genetic factor (defects in DNA repair systems or genes that elicit a mutator phenotype), with respect to each of the six possible point mutations.
One-batch analysis of the mutation spectrum using mixed PCR
One drawback of reversion assays in general is that they require manual counting of revertant colonies. The reversion frequency has classically been obtained by counting the number of colony-forming units. To obtain the full mutation spectrum, one has to conduct six independent sets of colony counting experiments for each individual sample ( Fig. 2A) . In addition to being time-consuming, this experimental method is also undesirable because each measurement comes from a different sample, providing an unnecessary source of accidental errors and batch-to-batch deviation. To overcome these problems, we attempted to determine the mutation frequencies for all six types of base substitutions in a single sample. To this end, we added stuffer sequences with unique sizes to each of the mutation probes. Each of these stuffer sequences shares the same flanking sequence for the Primer F. All the probe plasmids share the same priming site for Primer R, which locates 75 bases downstream of the stuffers. To determine the mutation spectrum of a given sample, we simply transformed the mixture of probe plasmids into E. coli. After being grown under various mutagenic conditions, an aliquot was taken from each of the final cultures and plated onto Carb (-) and Carb (+) plates. Only cells harboring reverted β-lactamase are able to form colonies on the Carb (+) plates. The more frequently a specific mutation occurs, the more frequently cells harboring probe plasmids for that mutation will revert. Thus, the abundance of colonies on the Carb (+) plates mirrors the mutation spectrum in the culture. The colonies from each plate were mixed, pooled, washed, and re-suspended in dH2O. One microliter of this mixed culture was subjected to PCR to amplify the stuffer sequences (Fig. 3A) . Note that this process can be conducted for many samples in parallel.
PCR of the colonies from the Carb (-) plates yielded all six bands, regardless of the culture conditions (lanes 1, 3, 5, and 7 in Fig. 3C ). This result indicates that the expression of the bla gene has a negligible effect on cell growth in the absence of antibiotic selection. In contrast, PCR of the colonies from the Carb (+) plates exhibited unique band patterns. PCR of the E. coli pool cultured in the absence of mutagens resulted in five of the six bands (lane 2 in Fig. 3C ), and their relative intensities reasonably matched the mutation spectrum reported in the literature. 11, 16 PCR of the Carb R colonies grown in the presence of dP (10 μM) showed strong bands corresponding to the stuffer size for pBLAA1036, the probe plasmid for AT to GC transition mutations (lane 4 in Fig. 3C ). In the case of the E. coli cultures grown in the presence of 5AZ, the band corresponding to the stuffer size for pBLAF300 (the specific probe for GC to CG mutation) was prominent (lane 6 in Fig. 3C ). The transformant cultures grown in the presence of both dP (10 μM) and 5AZ (1 μg/mL) resulted in bands corresponding to both pBLAA1036 and pBLAF300 (lane 8 in Fig. 3C ). These results demonstrate that the mutation spectrum (the relative abundance of each base substitution) of each of the many given cell cultures could be quickly determined at one time. Counting the number of colonies on the Carb (+) plate gives the overall frequency of mutation (Fig. 3B) . By multiplying this number and the relative abundance of each mutation obtained by relative band intensity, one can quickly estimate the mutation frequency in each culture (Fig. 3D) . The mutation frequencies obtained for each specific mutation were consistent with those obtained by a classical colony counting experiment (Fig. 2B ).
Conclusions
Determining mutational specificity has contributed greatly to the understanding of repair processes, 3 and has also provided the basis for high-throughput screens and search tools to identify new genetic and chemical entities that can suppress 34 or promote 35 mutagenesis. To complete the system originally proposed by Foster et al., 17 we constructed a set of plasmids in which reversion to the serine 70 codon of the antibiotic resistance bla gene occurs in response to specific nucleotide substitutions. By measuring the reversion frequency of each of these probes, one can estimate the frequency at which each of the specific mutations occurs (Fig. 2) .
In addition, the incorporation of stuffer sequence tags with unique sizes (Fig. 1B) allows the relative frequency of these mutations to be visualized (Fig. 3) . The design of additional probes specific for insertion and deletion mutations, 15 together with specific probes for mutational hotspots, such as quasipalindromes, 36 can further expand the use of this system for elucidating mutation and repair mechanisms.
Their location on high-copy-number plasmids allows the mutation probes described herein to be used in any genetic background and in various species. This portability is an extremely important feature for synthetic biology labs in which thousands of extensively modified cells are created in parallel. [37] [38] [39] [40] Given that it is decoupled from central metabolism, the β-lactamase probe system does not limit culture conditions or affect cellular physiology.
These characteristics are particularly useful when determining fermentation conditions for extensively modified bacteria 37, 41 or those built from scratch. 38 It should also be noted that our system is compatible with the genome-borne Trp system and the F′-borne LacZ reversion system. 15, 16, 42 This compatibility provides unique opportunities to independently measure the mutational events in genomes and plasmids, which is especially useful when searching for genome-specific or plasmid-specific mutagenic factors.
Finally, our system provides an excellent platform for developing mutator strains. [43] [44] [45] [46] In addition to the high and controllable mutation rate, it is important to have a well-balanced mutation spectrum to generate high-quality libraries in protein engineering. 45 To optimally navigate the sequence space with minimal bias, it is important to quickly survey the mutator spectrum of mutator strains under various conditions. Because β-lactamase activity is naturally coupled with antibiotic resistance, this system can be directly applied to breed mutator strains with the desired mutation spectrum.
